The diffusion behavior of ion-implanted Sn, Ge, and Si in GaAs was investigated as a function of implant dose, temperature, and background doping. Sn and Ge were found to have diffusivities comparable to those of the same species introduced by doping during growth or from surface diffusion. The diffusivity of Si and to a lesser extent that of Ge was very sensitive to implant conditions, and both exhibit dose and time dependence. The different dose dependencies -for the three Group IV dopants may indicate the effects of implant damage. Activation energies for diffusion were extracted for the three dopants. Transmission electron micrographs were examined and possible correlations between diffusion behavior and extended defect structure are made.
Understanding the diffusion behavior of ion-implanted dopants in GaAs has become more important as device dimensions shrink. For many devices made in GaAs, dopant diffusion during the post-implant anneal is undesirable. One of the motivations for using Si implants for channel, source, and drain doping of GaAs MESFETs (1) is that Si diffuses very little during the activation anneal. However, in certain dose and energy regimes, even implanted dopants undergo diffusion during processing, particularly in doped substrates or where there is more than one implant. The effect of dislocations and extended defects on threshold voltages in MESFETs has been investigated (2), but there is little agreement on their effect on either activation or diffusion. In addition, the observation of impurityinduced superlattice disordering (3) has emphasized the need to understand diffusion mechanisms better in both GaAs and A1GaAs. In this work we examine the diffusion behavior of the n-type Group IV dopants Sn, Ge, and Si, implanted into doped and semi-insulating GaAs substrates. We measured their diffusivities and extracted activation energies for diffusion, and compare our values to literature values for the same dopants introduced into the lattice from vapor or solid sources (solid-source diffusivities). We have deliberately used high-dose implants and high-temperature, long-time furnace anneals in order to provide conditions under which these dopants exhibit significant diffusion. We present cross-sectional transmission electron micrographs (XTEM) showing the defect morphologies of some implanted GaAs substrates, and discuss possible correlations between diffusion behavior and extended defect structure. We also present the results of carrier measurements.
The diffusivity of a dopant in a semiconductor depends on the diffusivity and concentration of vacancies and/or host interstitials. When the dopant is introduced into the lattice from a vapor source or a solid source such as a thin film, it is generally assumed that the concentrations of point defects are at their equilibrium values and that the diffusion process is an equilibritlm process, governed by the kinetics associated with migration of both the point defect and the dopant atom. After ion implantation, however, neither the dopant nor the point defect concentrations are at equilibrium. The diffusion process in that case may be governed by the kinetics associated with point defect production and/or annihilation. This could result in different * Electrochemical Society Active Member. diffusivities for implanted dopants vs. solid source dopants. The extended defects (dislocations) which form as a result of the implantation process are thought to act as sources and sinks of point defects (4) . Our diffusion results suggest that this residual defect morphology determines the extent to which the implanted ion diffusivity approaches the solid-source ion diffusivity. The ability of the lattice and its extended defect structure to provide the necessary point defects for diffusion appears to determine the relative diffusivity of the implanted dopant. Our experiments also suggest that the excess point defects which are initially created by the implantation process recombine very rapidly in the case of n-type dopants in GaAs, so that we observe no transient diffusion effects attributable to excess point defects. This is in contrast to the transient diffusivities observed for implanted p-type dopants in GaAs (5) or the transient diffusion seen in boron-implanted silicon (6) . In contrast, the effect of the residual damage (extended defects) is long-range and persists for very long time anneals.
The diffusion behavior of solid-source Sn (7) (8) (9) (10) and Si (11, 12) , and to a lesser extent that of Ge (13, 14) has been discussed in the literature. Diffusivity values for ionimplanted Si have also been reported (15) . However; most of the available quantitative diffusivity values are for dopant introduced either from solid or vapor sources. To our knowledge, these are the first reported diffusivity values and activation energies for ion-implanted Ge and Sn in GaAs.
to 1000~ in an open tube furnace under flowing forming gas. The caps were stripped after annealing, and the dopant profiles analyzed using secondary ion mass spectrometry (SIMS). The diffusion profiles were fit using the numerical process simulator S U P R E M 3.5 (16) to extract values of the diffusivity.
Carrier profiles were obtained either by Polaron electrochemical CV profiling using Tiron etchant, or by stripping Hall (van der Pauw) measurements using a dilute solution of H202:NH4OH:H20 as an etchant. Ohmic contacts for the Hall measurements were made with indium dots annealed at 450~ for 5 min in forming gas. To account for nonuniformities in the etch rate during the stripping van der Pauw measurements, the active dose obtained from the surface sheet carrier concentration measurement was used to normalize the integrated carrier profile obtained by Polaron profiling. The carrier profiles were calibrated by equating the active dose obtained by integrating the Polaron profile to the sheet carrier concentration obtained from van der Pauw measurements. The m a x i m u m carrier concentrations (Nm~) obtained for each dopant were determined by taking the highest measured carrier concentration from the calibrated Polaron profile. The Polaron profiles were quite reproducible, and once normalized were consistent with the SIMS measurements. The normalization factor varied from 0.60 to 2.50.
Cross-sectional < l l 0 > XTEM and <100> plan-view (PTEM) specimens of the 1 • 1015 cm ~2 Sn, Ge, and Si asimplanted and annealed samples were made. For the XTEM samples, a dicing saw was used to cut thin (200-&m) strips which were then epoxied together at 80~ for 30 rain. The strips were lapped to 30-50 ~m, mounted on a copper support ring, and ion-milled using argon. The PTEM samples were jet-etched from the back side using a Br:methanol solution. The TEM was done on a J E O L 200CX scanning transmission electron microscope. Two-beam (g220) imaging conditions were used for the amplitude contrast micrographs.
Results
The Group IV dopants are amphoteric, occupying either As or Ga sites. After implantation and annealing, Si and Sn generally produce n-type GaAs (I, 17). Ge has been seen to produce p-type GaAs after low-dose implantation (less than I • i014 cm -9) and n-type GaAs after high-dose implantation (18, 19) . In our experiments, Si and Sn were always n-type. Ge was p-type at lower doses (less than i • I014 cm -2) and for lower anneal temperatures at high dose.
Later in this paper we show that the dopant diffusivities depend on carrier concentration. Therefore, in order to model our diffusion profiles it was necessary to know how much of the dopant is electrically active. It is well-known (20) that it is difficult to obtain electron concentrations higher than 2 • 10 TM cm -3 in GaAs after implantation of n-type dopants. In fact, even with grown-in dopants or epitaxial material where there is no damage, the highest electron concentrations rarely exceed 2 • 10 TM cm -3, even when the chemical concentration of dopant is much higher. In GaAs, the carrier concentration for all n-type dopants is less than the chemical concentration. In the case of Group IV dopants, this activation limit has traditionally been attributed to self-compensation of donors on Ga sites by acceptors on As sites (11) (compensation by amphoteric pairs). However, self-compensation by amphoteric pairs does not explain the activation limit found with the Group VI donors Se, Te, and S. In that case, an alternative compensation mechanism must exist. It has been suggested that the dopant is compensated by deep levels or by vacancy acceptors (12, 21) . We do not propose a compensation mechanism in this paper. However, to obtain values of the carrier concentrations to use in modeling diffusion, we have measured the carrier concentrations by two methods.
Sheet carrier concentrations and carrier profiles were measured for Sn, Ge, and Si for various temperatures and doses. Figure 1 shows the SIMS profiles (curves a and b) and calibrated Polaron profiles (curves c and d) for a 5 x 1015 cm -2, 185 keV Sn implant annealed at 750~ for 180 min, and a 1 x 1014 c m -2, 185 keV Sn implant annealed at 90O~ for 100 min. For Sn doses of 1 x 1015 cm -2 or higher, regardless of annealing temperature, a peak in the carrier profile was always observed, coinciding with the location of Rp. This is exhibited by curve c in Fig. 1 . Precipitation of Sn was observed by XTEM for doses of 1 x 1015 cm -~ or greater, but the location of the precipitates were deeper than Rp. Thus the peak in the carrier profile shown in Fig. 1 is associated with dopant redistribution occurring in the implanted region, but it does not coincide with the precipitates. For doses below 1 x 1015 cm -2, no precipitation occurred, and no peak in the carrier profile was measured (curve d). Table I lists the values of Ns (sheet carrier concentration in cm -2) and Nma~ (carrier concentration in cm 3) measured in the flat part of the profile, for different doses and anneal temperatures. Nmax w a s used as the m a x i m u m value of active Sn in the diffusion modeling discussed below. Nmax increased with anneal temperature and also with dose. Note that where there was a peak in the carrier concentration near R o, Nmax is not the carrier concentration at t h a t peak, b u t r a t h e r is defined as t h e v a l u e in t h e fiat, diffused p a r t of t h e profile. P e a k values of carrier c o n c e nt r a t i o n for S n w e r e as h i g h as 4.4 • 10 ~8 c m -3, w h e r e a s N~x n e v e r e x c e e d e d 2.5 • 10 TM c m 3. i m p l a n t at 900~ b u t for t h e 1 • 1014 c m -z i m p l a n t little d e p e n d e n c e on t e m p e r a t u r e was seen. O t h e r w o r k e r s h a v e r e p o r t e d t h a t t h e a c t i v a t i o n of Si d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e (22, 23) , w h i c h is c o n s i s t e n t w i t h t h e s e results.
More c o m p l e x b e h a v i o r was o b s e r v e d for Ge implants. Table III s h o w s values of Nm~ a n d Ns for Ge implants. Hall m e a s u r e m e n t s s h o w e d t h a t Ge was p-type at lower doses a n d for lower a n n e a l t e m p e r a t u r e s at h i g h dose. At 750~ t h e Ge was e i t h e r p-type or n-type b u t h i g h l y c o m p e nsated. T h e s e results are c o n s i s t e n t w i t h t h e results of b o t h K r a u t l e (18) a n d Y e a et al. (19) . B o t h t h o s e w o r k e r s f o u n d a crossover p o i n t in dose a n d t e m p e r a t u r e at w h i c h Ge w e n t f r o m p-type to n-type. K r a u t l e f o u n d t h a t Ge was n-type for doses of 1 • 1015 c m -2 a n d higher, a n d p-type for lower doses a n n e a l e d at 800~ for 15 min. Our results, w h i c h are for 3 h anneals, do n o t s h o w as clear a crossover point, b u t it c a n b e s e e n clearly in Table III t h a t t h e r e is a p-type to n-type c o n v e r s i o n in t h e dose r a n g e of 1 • 1014 c m -2 to 1 • 101~ c m -2. A p p a r e n t l y Ge b e g i n s to prefer t h e G a site at h i g h e r doses a n d a n n e a l t e m p e r a t u r e s .
Of t h e t h r e e amp h o t e r i c dopants, Ge h a s t h e least misfit on e i t h e r t h e G a or As site (24). This m a k e s Ge t h e m o s t a m p h o t e r i c of t h e t h r e e d o p a n t s , so it is n o t s u r p r i s i n g t h a t GaAs d o p e d w i t h
Ge m a y b e p -t y p e u n d e r s o m e i m p l a n t a t i o n conditions. F i g u r e 3 s h o w s t h e S I M S profiles (a a n d b) a n d P o l a r o n profiles (c a n d d) for a 5 x 1015 c m -2, 110 k e V Ge i m p l a n t ann e a l e d 45 m i n at 1000~ a n d a 1 x 1014 c m -2, 110 k e V Ge i m p l a n t a n n e a l e d 3 h at 850~ B o t h s a m p l e s w e r e n-type after annealing. F o r doses of 1 x 10 ts c m -2 or higher, a dip in t h e carrier profile was s e e n in t h e vicinity of Rv, w
h i c h d e c r e a s e d ( b e c a m e m o r e n-type) w i t h time. This is similar to o u r o b s e r v a t i o n s t h a t t h e p e a k in t h e carrier profile for S n i n c r e a s e d w i t h t i m e ( b e c a m e m o r e n-type). This dip c o r r e s p o n d s to t h e area of t h e i m p l a n t w h i c h w o u l d h a v e
b e e n m o s t h e a v i l y d a m a g e d , a n d so m a y r e p r e s e n t s o m e d a m a g e -r e l a t e d site r e d i s t r i b u t i o n process. To fit t h e Ge diffusion profiles, only n-type s a m p l e s were used. Nmax was 1 to 2 x 1018 c m -3 for all t h r e e d o p a n t s at m o s t t e m p e r atures. F o r t h e p u r p o s e of m o d e l i n g diffusion, t h e electron c o n c e n t r a t i o n was a s s u m e d e q u a l to t h e c h e m i c a l c o n c e nt r a t i o n u p to t h e v a l u e of Nmax for e a c h t e m p e r a t u r e a n d dopant. A b o v e N . . . . t h e electron c o n c e n t r a t i o n was fixed at Nmax.
Diffusion results: Fermi-level dependence.--In previous w o r k (25) we e s t a b l i s h e d t h a t t h e diffusivity of ion-
i m p l a n t e d S n d e p e n d s o n t h e s q u a r e of t h e electron concentration. This b e h a v i o r was a t t r i b u t e d to diffusion via d o u b l y n e g a t i v e -c h a r g e d Ga vacancies, a n d results in a diffusivity d e p e n d e n t on t h e local F e r m i level. To d e t e r m i n e w h e t h e r t h e Fermi-level effect is i m p o r t a n t for all imp l a n t e d G r o u p IV n -t y p e dopants, we i m p l a n t e d Sn, Ge, a n d Si into p-type, n-type, a n d s e m i -i n s u l a t i n g GaAs substrates a n d a n n e a l e d t h e m u n d e r similar conditions. Figu r e 4 s h o w s S I M S profiles for a 1 x 10 ~5 c m -2 S n i m p l a n t in p-type ( d o p e d w i t h 1 x 10 t9 c m -3 Zn), n-type (doped w i t h 3 x 10 j8 c m -3 Si) a n d s e m i 4 n s u l a t i n g substrates, a n n e a l e d 45 m i n at 900~ T h e r e was no diffusion in t h e p-type sub- strate (curve a), a n error f u n c t i o n -t y p e diffusion profile in t h e n-type s u b s t r a t e (curve b), a n d a b o x -s h a p e d profile w i t h a n a b r u p t diffusion front in t h e s e m i -i n s u l a t i n g substrate in t h e area b e y o n d t h e i m p l a n t e d region (curve c). In t h e s e m i -i n s u l a t i n g a n d n -t y p e substrates, t h e c o n c e n t r at i o n peak which was initially located at Rp split into two peaks during the diffusion process, with the deeper peak corresponding to the location of a layer of precipitates, discussed below. This was not seen in the p-type substrate. Figure 5 shows diffusion profiles for a 1 x 1014 cm -2, ii0 keV Ge implant, with no diffusion in the p-type substrate (curve a, doped with 1 • 1019 cm -3 Zn), enhanced diffusion in the n-type substrate (curve b, doped with 1 x 10 TM cm -3 Te), and a box-shaped profile in the semi-insulating substrate (curve c). Figure 6 shows diffusion profiles for a 1 • 10 TM cm -~, 40 keV Si implant in an n-type substate (curve a, doped with i • 1018 cm -3 Te) and semi-insulating substrate (curve b). Enhanced diffusion was observed in the n-type substrate. No Si implant into a p-type substrate was done at this energy, hut for a 200 keV implant into p-type GaAs there was no diffusion of Si even after 24 h at 900~ For all three dopants there is no diffusion in a p-type background, enhanced diffusion in an n-type background, and a distinctive box-shaped profile in semi-insulating substrates.
The shapes of the diffusion profiles shown in Fig. 4 , 5, and 6 indicate that the diffusivities of implanted Sn, Ge, and Si depend on the electron concentration. Tuck (9) observed a background doping dependence for Sn in GaAs, but did not suggest a mechanism for it. Deppe and coworkers (12) t h a t t h e d o p a n t diffuses b y a s i m p l e m e c h a n i s m of exc h a n g i n g lattice sites w i t h a n e g a t i v e l y c h a r g e d G a vacancy, t h e effective diffusivity (Dell) c a n b e e x p r e s s e d as y m Deft = ~, D~" [ G~] [1] in w h e r e e a c h t e r m in t h e s u m m a t i o n refers to diffusion via a G a v a c a n c y of c h a r g e state ( m -) . T h e diffusivity t e r m in t h e s u m m a t i o n refers to t h e diffusivity of t h e d o p a n t via t h a t particular v a c a n c y type, a n d t h e t e r m in b r a c k e t s is t h e c o n c e n t r a t i o n of v a c a n c i e s of t y p e ( m -) . S u b s t i t u t i n g t h e S h o c k l e y a n d L a s t relations (26) allows t h e effective diffusivity to b e e x p r e s s e d as Deft = Do + Do1 + Doe + Doz [2] w h e r e n is t h e electron c o n c e n t r a t i o n , nl is t h e intrinsic carrier c o n c e n t r a t i o n , t h e D t e r m s are diffusivities, a n d vac a n c y c h a r g e states f r o m 0 to -3 are used. E v a l u a t i n g this e x p r e s s i o n in t h e light of t h e results j u s t discussed, we see t h a t in t h e p-type substrate, w h e r e Deff is negligible a n d n/ni is nearly zero, Do m u s t b e a p p r o x i m a t e l y zero. This implies e i t h e r t h a t no significant diffusion occurs via neutral vacancies, or t h a t t h e n e u t r a l v a c a n c y c o n c e n t r a t i o n is v e r y small. I n t h e h i g h l y d o p e d n-type substrates, n is constant, so t h e c h a r g e d G a v a c a n c y c o n c e n t r a t i o n is constant, giving a c o n s t a n t effective diffusivity. This results in a n error f u n c t i o n -t y p e profile (27) . I n t h e s e m i -i n s u l a t i n g or l i g h t l y -d o p e d n-type substrate, w h e r e n is m o d u l a t e d b y t h e diffusing d o p a n t , Deff d e p e n d s on t h e local d o p a n t concentration. This results in a profile w i t h a n a b r u p t diffusion front (27) . F r o m t h e s e results alone it is n o t possible to determine which term in Eq. [2] is most important--that is, which type of vacancy dominates the diffusion process.
To determine which term in Eq. [2] is dominant, it is necessary to extract diffusivities from profiles in substrates with different known background electron concentrations (i.e., with different known values of n) or to fit profiles in semi-insulating substrates (where n is related to the dopant concentration). To extract diffusivity values from our experiments we used a one-term version of Eq. [2] in SUPREM 3.5 to fit the diffusion profiles in n-type and semi-insulating substrates. Values of n~ were obtained from equations in Ref. (28) . The best fit was found using only the quadratic term, giving for Defe the expression Deff= Do [3] Here the term Do is substituted for D02 for simplicity. 10 TM era-a), annealed for 45 min at various temperatures. The fitted profiles are also shown. Since the background doping is constant and above the concentration of active Sn, a constant diffusivity (Def0 for each temperature can be easily extracted by fitting the SIMS profiles using Eq. [3] . We obtained values of Do from D e f t by dividing out (n/ni) 2, and these values were subsequently used to fit diffusion profiles in semi-insulating substrates, where the diffusivity varies with the Sn concentration. These fitted profiles are shown in Fig. 8 . The fact that we could fit profiles in both doped and semi-insulating substrates using the same values of Do indicates that the other terms are not important in the diffusion process, at least under the experimental conditions used.
In Fig. 9 we have plotted Do vs. 1/kT for a wide range of Sn implant doses (from 1 x 10 is cm -2 to 5 x 101~ cm -z) and obtained the value of 4.1 -+ 0.2 eV for the activation energy We found no consistent effect of dose on the diffusivity of Sn, nor any time dependence for anneal times of 5 min to 10 h. It should be noted that if we had plotted Deff vs. 1/kT instead of Do vs. 1/kT, the activation energy so obtained would be about 2.7 eV, which is typical of substitutional diffusants in semiconductors. In the literature the temperature dependence of the intrinsic carrier concentration is rarely considered explicitly, so that Deff is usually reported rather than Do. The same fitting procedure was used to fit SIMS profiles for a 1 x 1014 cm -2 Ge implant into Te-doped substrates (carrier concentration 1 x 10 TM cm 3), shown in Fig. 10 . Deft was extracted from each profile, and values of Do calculated. These values were then used to fit profiles in semiinsulating substrates (not shown), and the best fit between the n-type and semi-insulating substrates was found using the (n/ni) 2 dependence of the diffusivity. In Fig. 11 we obtained an activation energy of 2.9 eV for Do for Ge using data from various dose implants. The expression for Ge diffusivity is D e f f = 2 x l 0 3 e x p [~-] -2 " 9 (~) 2 [5] There is a great deal of scatter in the data for Ge, reflecting some time and dose dependence in the diffusivity. To try to account for this scatter, activation energies were determined for each dose separately. The lowest and highest doses (5 x 10 I3 cm -2 and 5 x 1015 cm -2) were both fit well with an activation energy of 1.6 _+ 0.1 eV while the doses of i x 1014 cm -2 to I x l0 Is cm -2 were fit well with an energy of 3.5 _+ 0.3 eV. Clearly the energy of 2.9 eV included in Eq. [5] is an average value, reflecting the difficulty of fitting data from such a wide range of implant doses. It appears that the different amounts of damage associated with each dose may explain the range in activation energies, but the mechanism of damage annealing which is responsible is not yet clear. Figure 12 is a plot of Do vs. 1/kT for Si implants of various doses, obtained by the same fitting methods used for ~,n and Ge, and also fit with the same electron concentration 3 3 10 oxo[ 1 for the diffusivity of implanted Si. For Si implants some anomalous diffusion behavior was observed. In some 1 • 1014 cm -2 and 1 x 10 '5 cm 2 implants, up to two orders of magnitude difference in diffusivity was observed for the same nominal implant and anneal conditions. This was most pronounced after very long time anneals (10 h at 900~
In some substrates the Si diffused deep into the substrate, while in other substrates there was no observable diffusion. This anomalous behavior could not be explained by differences in implant current density, although others have reported such effects on both damage and activation associated with Si implants (29, 30) . Possibly differences in stress or stoichiometry of the Si3N4 caps could account for such large differences in diffusivity. However, we think it more likely that the anomalous behavior is the result of residual damage which controls the point defect population. This will be discussed further below. 13, 14 , and 15 show cross-section TEM micrographs from 1 x 101~ cm -2 implants of Sn, Ge, and Si, respectively, as-implanted (a) and after annealing at 900~ (b). The substrate surface (Si3N4/GaAs interface) is indicated by an arrow in the micrographs. Figure 13a shows the GaAs substrate as implanted with Sn (Rp 440 A). The amorphous/crystalline interface is located at a depth of 700 A, with evidence of solid-phase regrowth (microtwins) below the interface for about 200 A. This implies that the original amorphous layer was about 900 A thick, which corresponds to most of the area of the implant. In Fig. 13b , the annealed sample shows a thick band of precipitates, located about 950-1000 A from the surface. This precipitate layer is clearly discernible as the deeper peak in the SIMS profile of Fig. 4 . We also observed TEM cross sections from the same 1 • 10 l~ cm 2 Sn implant annealed for 30 min at 700 and 800~ A layer of precipitates was also observed in these substrates, and the depth of this layer increased with increasing anneal temperature. Apparently the high concentration of Sn in the vicinity of Rp was above solid solubility, and during annealing some of the Sn diffused deeper into the substrate and precipitated out, while some of the Sn diffused back toward the surface. This behavior resulted in a double peak observable in the SIMS profiles of Fig. 4 . The observed location of the precipitate layer corresponded with the location of the peak observed in SIMS. No dislocations were observed in these substrates. In the 1 • 101~ cm 2 Ge (Rp 380 A) as-implanted sample, Fig. 14a , there is a layer of solid phase regrown material from the surface down to about 600 A. There is a second layer of damage at about 1100 A. This damage appears to be end-of-range point defect clusters. Between the regrown layer and the deeper damage layer is undamaged material. The annealed sample shown in Fig. 14b showed no precipitation, and a single layer of discrete dislocation loops located at about 750 A. The dislocations formed in the undamaged GaAs, beyond the amorphous/crystalline interface, but not as deep as the point defect clusters found in the as-implanted sample.
T E M r e s u l t s . --F i g u r e s
In the as-implanted 1 x 1015 cm -2 Si implant (Rp 320 A) shown in Fig. 15a , there is severe damage, probably point defect clusters, from the surface down to about 1100 A. No amorphous layer is visible. The 30-min annealed sample in Fig. 15b shows a continuous dislocation network located just below /~p. The Sn and Ge implants amorphized the GaAs substrate during implantation. The substrates implanted with Si show no amorphous layer, but this could mean that the amorphous layer underwent dynamic annealing during implantation. However, the damage clusters visible in the as-implanted substrate indicate that complete recrysta]lization did not in fact occur. The Ge and Si annealed samples both show extended defects in the substrate. The Si defects are continuous, while the Ge defects are discrete loops. No extended defects other than precipitates were found in the Sn-implanted substrates. Figure 16 is an Arrhenius plot of the diffusivity data for Sn, Ge, and St, showing the similarities in their diffusivities and activation energies. For all three dopants the best fit to the data in doped and undoped substrates was found using the expression Doff = Do ~ [3] It seems reasonable to attribute a similar diffusion mechanism to all three dopants. Since almost all of the diffusivity data in the literature are for solid source dopants, we must consider the models presented for those conditions first. We have demonstrated that there is an effect of implantation damage on the diffusivity values for Si and Ge, and that this effect may be due to the ability of bulk defects to modulate the equilibrium diffusion mechanism by controlling the point defect distributions. Clearly a mechanism for diffusion of these three Group IV dopants is required which results in diffusivity which is dependent on the electron concentration, rather than on the dopant chemical concentration. We have shown that the Fermi- level model, which assumes diffusion via charged defects, produces such a carrier dependence. An electron concentration dependence also results if diffusion occurs via the substitutional-interstitial dissociative (SID) mechanism rather than a vacancy mechanism. This model has been applied to Zn (27) and other p-type diffusers in GaAs. According to this mechanism, the diffusing species is the dopant interstitial, which occupies a lattice site either by finding a Ga vacancy or by "kicking out" a Ga atom and creating a Ga interstitial. The electron dependence in that case is determined by the charge on the dopant interstitial. Arnold and Heime (10) fit Sn diffusion profiles in semi-insulating substrates with a concentrationsquared dependency, and concluded that Sn diffuses via the SID mechanism, which requires that the Sn interstitial have a triply positive charge. While there is no evidence either way for the existence of such a Sn interstitial, the interstitial mechanism also requires that the dopant diffusivity have an inverse PA~ dependence, due to the dependence on the Ga interstitial concentration. Such a dependence has not been reported for any of these dopants. In fact, the diffusivities of both Sn (8) and Si (31, 15) have been found to vary directly with As pressure. This is strong evidence that neither the SID mechanism, nor any other mechanism which depends on the Ga interstitial concentration, is appropriate for the Group IV n-type dopants.
Discussion
Shaw (32), who re-interpreted Arnold's (10) data, suggested that the n 2 dependence of the Sn diffusion was due to diffusion ofa SnG~' 2 VA~ complex. The electron dependence in that case also results from the charge on the Sn interstitial, and also requires an inverse As pressure dependence, and hence is not convincing. Greiner and Gibbons (11) suggested that Si diffuses via SiAJSia~ amphoteric pairs. In that model, a Deff dependent on the square of the SiGa concentration results. However, this model does not predict the enhanced diffusivity found in n-type substrates because the diffusivity is not directly dependent on electron concentration. One of the reasons that Greiner's model has been well-accepted is that it is based on the assumption of self-compensation by amphoteric pairs. These pairs are then assumed to bind together as the diffusing species. Greiner also found that Si diffusion was reduced by the presence of Ge in the lattice, and suggested that the Si-Ge bonding energy is lower than that of the Si-Si pair, thus inhibiting the diffusion of Si pairs. This was seen as further evidence of a pair mechanism. However, the amphoteric pair self-compensation model is not the only explanation for the limit to n-type activation, as discussed earlier in this paper. If the limit to n-type activation results from the formation of donor-vacancy acceptor pairs (12, 21) , a Fermi-level dependent diffusivity results, and it is not necessary to rely on amphoteric pairs to explain diffusion results.
Kasahara et al. (15) and Deppe et al. have both suggested that Si diffuses by complexing with a Ga vacancy. This model explains both the Fermi level dependence and the phenomenon of Si-induced superlattice disordering. Yu et al. (33) considered the possibility of Si diffusing via both the Ga and the As sublattices, but superlattice disordering studies show no enhancement of Column V diffusivities, implying that Si diffusion on the As sublattice is not important. Ge diffusion has not been studied extensively. Deppe et al. (34) found similar profiles to that of Si when diffusing Ge from a thin-film source, and attributed the Ge mechanism to an amphoteric pair mechanism.
We have assumed in the experimental portion of this paper that these dopants diffuse by a charged defect which produces a diffusivity dependent on the electron concentration. We have further assumed that the defects are Ga vacancies. The quadratic dependence on n with which we fit our data suggests that the dominant vacancy is the doubly charged one. However, Baraff and Schluter's calculations (35) suggest that in heavily doped n-type GaAs the triply charged Ga vacancy dominates. Tan and Gosele (36) interpreted superlattice disordering evidence to derive a dependence of the A1-Ga interdiffusion coefficient on n ~. This suggests that the dominant point defect in GaAs is the triply charged Ga (A1) vacancy. If that is the case one might expect that point defect to dominate the dopant diffusion process as well. However, we have found that fitting our experimental profiles with an (n/ni) 3 dependency gives far more abrupt profiles than are actually observed. An alternative mechanism is to assume that the dopant diffuses only as a dopant-vacancy complex, in which the isolated Ga vacancy is indeed triply charged, but the complex is doubly negative charged. This also results in a diffusivity dependent on n ~. According to this model, the self-diffusivity of the Column III atom in A1GaAs/GaAs heterostructures would be dependent on n 3 due to the charge on the Ga vacancy, since the pair would also have a triply negative charge.
We presume that the Group IV dopants diffuse by a donor/vacancy pair mechanism, in which the vacancy acceptor is bound by a coulombic attraction to the charged donor and assists the donor motion. In cases where the donor itself is highly self-compensated (e.g., by amphoteric pairs), diffusion is reduced both by the reduction in negatively charged vacancies, and by the reduction in mobility of the dopant, which is bound up in amphoteric pairs. In this model, then, amphoteric pairs actually suppress diffusion rather than enhance it as in Greiner's model. For low-dose Ge implants in semi-insulating substrates, where the dopant is highly self-compensated or p-type, diffusion is suppressed because the Ge pairs with itself rather than with Ga vacancies; also, the n u m b e r of negatively-charged Ga vacancies is reduced. This model also explains why Si diffusion was observed to be higher with a Group IV background impurity (Sn) than with a Group VI background impurity (Te), even for the same net electron concentration. If, as suggested by Deppe et al., (12) , the Te/Vaa binding energy is higher than the Sn/VGa binding energy, then the diffusion of Si would be reduced more by the presence of Te than by the presence of Sn, since the Te would "use up" more vacancies than Sn. We also observed in this work (data not shown) that Sn has a higher diffusivity in a Si background than in a Te background, suggesting that the Te/VGa binding energy is higher than the Si/VGa binding energy. Greiner's results can be explained by assuming that the Ge/VGa binding energy is higher than the Si/Vaa binding energy, so that the presence of Ge slows down the diffusion of Si by binding vacancies.
Effect of implant damage.--We have examined some of the models for diffusion of Group IV dopants, but these do not explain the dose or time dependence we have seen. The purpose of comparing ion-implanted diffusivities to those of solid source dopants is to assess the influence of implant damage on dopant diffusivity. Unfortunately, few literature values agree with each other because of differences in experimental conditions, such as encapsulant, ambient anneal atmosphere, As overpressure, time, temperature, and background doping. We make the assumption that when the ion-implanted diffusivities are similar to those of the solid source dopant, then the effect of implant damage is minimal.
Literature values of diffusivity usually correspond to Deff rather than Do (in Eq. [3] ) since the Fermi-level effect was not considered by most workers. This means that the temperature dependence of ni is not corrected for, giving activation energies several electron volts lower than our values. When the background carrier concentration is given, the literature data can be directly compared with our values of Do by normalizing (or vice versa). To normalize literature values of Deft, we divide by (n/ni) 2 [when n is known, using Blakemore's values for ni (28) ]. In Fig. 17 , we have normalized and plotted Tuck's data (9) for thin film Sn diffusions into Sn-doped substrates. There is excellent agreement between our ion-implanted data and these solid source values. This agreement, along with the absence of any time or dose dependence of the diffusivity, indicates that ion-implanted Sn diffusion is not affected very much by damage associated with implantation. The XTEM showed no extended defects other than precipitates, suggesting that only extended defects such as dislocations affect diffusion. In Fig. 18 , we have plotted diffusivities from Sarma et al. (13) and Lavrichev [translated from the Russian in (13)]. Sarma et al. diffused Ge from a thin film into Cr-doped and Si-doped substrates. Surprisingly, they do not report any significant difference between the diffusivity of Ge in the two different substrates. Lavrichev diffused Ge into p-type GaAs in a closed ampul. Neither of these data sets could be normalized to Do because of the absence of quantitative values for the background doping, so instead we converted our data to Deff values by multiplying Do by (n/ni) ~. The higher values of diffusivity from our experiments simply indicate that the background electron concentration was higher in our experiments. The lower activation energy shown by our values of Deff may indicate that damage plays a role in the diffusion of Ge. The XTEM results show that there are indeed dislocation loops present after the 30-min anneal, suggesting that a source or sink of point defects exists and could be active over long times, affecting the diffusion of the dopant and decreasing the activation energy above that of a solid source dopant. In Fig. 19 we compare our diffusivity data for Si with the work of Greiner and Gibbons (11), who used a pair diffusivity model to fit thin-film source diffusions which were rapid thermal annealed. They reported an equation for the effective diffusivity of the pair SiGa-SiAs. Using Greiner's values of the m a x i m u m electron concentration (4 • 10 TM cm-3), we normalized his data as described above. Greiner's diffusivity values are higher than our ion implant data, but this may be because he used SiO2 caps, which are known to inject vacancies into GaAs. Greiner's activation energy is significantly higher than ours; this suggests that implant damage has a role in Si diffusivity. The XTEM from the annealed sample shows a continuous dislocation network, suggesting that the residual implant damage might play an important role in modulating the diffusion of Si. The presence of a large number of dislocations could explain the sometimes unreproducible diffusion profiles we found with silicon. Many active sources and sinks of point defects might make the Si diffusion behavior erratic, compared to that of Sn, which shows no damage effects and has very predictable diffusion characteristics. We also found that the Si diffusivity decreased with time, at least for 1 • 1014 cm -2 implants studied, indicating that the effect of the dislocation network may be more important at short times.
The activation energies for ion-implanted Sn, Ge, and Si vary from 4.1 eV for Sn, to 2.9 eV for Ge, and 3.3 eV for Si. When the temperature dependence of (ni) 2 is removed, this gives values of 2.7, 1.5, and 1.9 eV, respectively, which are typical values for substitutional dopants in semiconductors. Sn diffusivities show the best agreement with solid source values over a wide range of implant conditions. Its activation energy also shows good agreement with the large body of work which has been published for Sn diffusion. Ge diffusivity values are within the same order of magnitude as solid source values, but since they show some dose dependence the agreement is not as good as with Sn. Si shows good agreement with solid source values only when high-temperature, long-time anneal data is used. The trend we see is that the higher the mass of the implanted ion, the closer its diffusi.vity is to solid source values. This suggests that when ion implant damage is severe, its effect may be to help the material reach point defect equilibrium more quickly. Quantifying the extent and nature of as-implanted damage and the extended defect structure which develops during annealing may help clarify this.
Residual ion implant damage depends on ion mass, dose, energy, and anneal schedule, so it is unwise to make broad generalizations by examining the microstructures from only one implant dose and anneal condition. However, in comparing the microstructures of Sn, Ge, and Siimplanted GaAs at the dose of 1 • 1015 cm -2, with the same Rp, we see that after the Sn and Ge implants the GaAs is completely amorphized, while after the Si implant the GaAs is damaged but not amorphized. After the 30-min anneal at 900~ the Sn implant produces precipitates, the Ge implant produces discrete dislocation loops, and the Si implant produces a continuous dislocation network. It is tempting to correlate these structures with diffusion behavior. The Sn and Ge diffusion profiles are deep and exhibit a diffusivity dependent on the square of the electron concentration. The Si shows some anomalous diffusion behavior, but under some conditions its diffusion profiles can be fit with the same electron dependence. It appears that amorphization and regrowth during the early stages of annealing allow the substrate to approach point defect equilibrium such that "normal" (i.e., similar to that of solid source) diffusion occurs. In the case where amorphization does not occur or is not complete, dislocations form which do not allow the substrate to reach point defect equilibrium. When amorphization does not occur, the damage precipitates into dislocations, whereas when amorphization does occur, the damage is annealed out during regrowth. One mechanism by which diffusion may be suppressed is if Ga interstitials, which are in excess from the damage, recombine with vacancies produced by dislocation sources and prevent diffusion.
An alternative explanation of these observations is that when there are extended defects and when diffusion is suppressed (as in the case of short-time Si implant anneals), both phenomena are the result of something else. For example, the excess Ga interstitials created during implantation could inhibit diffusion by consuming vacancies. The presence of the dislocations may be an indication of the fact that the interstitials have not recombined but instead have condensed into extended defects. In the amorphized substrates, the excess Ga interstitials may recombine or diffuse to the surface during solid phase regrowth and during the initial stages of annealing, leaving the remaining high concentration of vacancies available for diffusion. In the non-amorphized substrates, the Ga interstitials may not recombine or diffuse out of the substrate during regrowth, so they remain in the lattice, forming extended defects and suppressing diffusion by consuming Ga vacancies. This would be rather unpredictable behavior, which could explain some of the results seen with Si implants.
Conclusions
We have shown that the Group IV dopants Sn, Ge, and Si diffuse extensively after implantation and long-time annealing and can be modeled quite well with a diffusivity which is dependent on the square of the electron concentration. Further, we show evidence that the three dopants are affected differently by implantation damage, which in some cases persists for very long times, for high doses. We observed that for implanted Sn, Ge, and Si, the higher the concentration of extended defects, the slower the diffusion relative to solid-source values. If the sample was amorphized during implantation, extended defects did not form and the diffusivity of the ion was very close to that of the solid source dopant. If amorphization did not occur, extended defects formed after implantation, and diffusion was inhibited, particularly at low doses, short times, or low temperatures. The higher the density of extended defects, the more suppressed is the diffusion. There was no time dependence for Sn and Ge diffusivities, but Si diffusion was time-dependent. Maximum carrier concentrations for the three dopants were around 1 to 2 • 10 TM cm -3, except for somewhat higher values found in the peak of the Sn implants at high doses. We believe these results are consistent with a diffusion mechanism in which the mobile species is the donor coupled with a charged Ga vacancy. The equilibrium vacancy concentration may be suppressed by the presence of extended defects and/or excess Ga interstitials resulting from the implantation process.
